Clostridium perfringens is a ubiquitous and versatile pathogenic bacterium and is implicated in the etiology of the poultry diseases necrotic enteritis (NE) and poultry gangrene (PG). In this study, multilocus sequence typing was used to investigate genotypic relationships among 139 C. perfringens isolates from 74 flocks. These isolates had multiple disease, host, and environmental origins. The results indicated a polymorphic yet highly clonal population, with 79.6% of all isolates partitioning into one of six clonal complexes or two dominant sequence types, ST-9 and ST-31. The most prolific clonal complex, CC-1, contained 27.3% of all isolates and was not clearly associated with one particular disease. The subtypes CC-4 and ST-31 were highly associated with NE and represented 9.4% and 7.2% of the total isolates, respectively. No PG-associated and NE-associated C. perfringens isolates shared the same sequence type or clonal complex. NE-associated subtypes were more clonal and appeared more evolutionarily divergent than PG-associated subtypes, which tended to cluster in the more ancestral lineages alongside isolates from asymptomatic chickens and turkeys. Toxin gene screening identified cpb2 throughout these isolates and correlated the presence of netB with NE pathology. Previous investigations into the genetic basis of C. perfringens pathogenicity have focused on toxins and other variable genetic elements. This study presents the first sequence-based comparison of C. perfringens isolates recovered in clinical cases of PG and NE and demonstrates that niche specialization is observable in the core genomes of poultry-associated C. perfringens isolates, a concept with both epidemiological and evolutionary significance.
Enteric mucosal disturbance with high dietary viscosity and nutrient availability creates optimal conditions for the proliferation of endogenous C. perfringens, which is accompanied by toxin production and subsequent NE pathology.
Poultry gangrene infections commonly involve C. perfringens and other members of the histotoxic clostridia, primarily Clostridium septicum, although some nonclostridial species have also been implicated (12, 21, 39) . Poultry gangrene can be initiated via environmental contamination of an external wound; however, recent evidence supports an endogenous, likely gastrointestinal, route of infection in cases of subcutaneous gas gangrene (26) . Despite its presence in infected tissues, the contribution of C. perfringens to the development of PG remains unclear.
Genetic relationships between C. perfringens strains of disparate origins, including human and livestock host species, have been investigated (3, 10, 16, 32, 34) . Such phylogenetic studies have elucidated distinct lineages associated with specific disease syndromes attributed to this pathogen. The most obvious association is a clear partitioning of strains capable of inducing food-borne illness into lineages distinct from those of strains isolated from other niches, e.g., gangrenous muscle and healthy gastrointestinal tracts (GITs) (24, 28) . Investigations into the genetic relationships among C. perfringens strains recovered from poultry with NE and isolates obtained from asymptomatic poultry tissues, alimentary tracts, and the production environment have identified distinct subtypes associated with NE that are capable of inducing disease in experimental NE models, whereas isolates from other lineages do not reproduce the disease (5, 20, 40) . Recently, the presence of a novel toxin, NetB, was shown to be highly correlated with C. perfringens isolates implicated in NE disease, suggesting that certain poultry strains of C. perfringens have acquired specialized pathogenic capabilities (17, 18, 20) . Toxin production by C. perfringens with subsequent detection in affected tissues is often considered diagnostic for specific diseases caused by these bacteria and forms the basis for a typing scheme based on the presence of the four major toxins-␣, ␤, ε, and -produced by certain strains of the species (11, 36) .
In this study, multilocus sequence typing (MLST) was utilized to investigate phylogenetic relationships and disease or niche partitioning in a diverse collection of C. perfringens isolates from broiler chickens and turkeys. The MLST technique offers unambiguous, high-resolution results, in the form of sequence data and subsequent allelic profile data, useful for analyses of population phylogeny and clonal characteristics, e.g., BURST (based upon related sequence types) analysis (14, 16) . MLST has proven useful in linking specific C. perfringens subtypes to distinct pathotypes, e.g., type C subtypes in porcine enteritis and human food poisoning subtypes (16, 28) . The typing scheme employed here is based largely on those previously published for this species (2, 16) . Additional loci were included to allow for a population-level interspecies comparison between this collection of C. perfringens and a C. septicum population of poultry origin from a previous study published by our group (27) . This investigation is, to our knowledge, the first to specifically compare C. perfringens isolates recovered from both NE and PG, and it provides insight into the phylogenetic and etiological characteristics of the isolates responsible for each disease.
MATERIALS AND METHODS

Clostridium perfringens isolates and demographics.
In order to examine a broad genotypic range of isolates from poultry gangrene, necrotic enteritis, and asymptomatic conditions, target isolates were selected for MLST partially on the basis of unique RAPD (random amplification of polymorphic DNA) PCR profiles. RAPD profiles were generated with Ready-To-Go RAPD analysis beads and Primer 2, provided with the kit (GE Healthcare, Piscataway, NJ) (44) . The isolates included were collected from 74 poultry flocks in 8 states of the United States (Alabama, Delaware, Georgia, Minnesota, Missouri, Pennsylvania, Virginia, and Wisconsin) between 2004 and 2009.
A total of 65 PG-associated and 20 poultry NE-associated C. perfringens isolates were included in the analysis. They are listed in full in Table 1 and are  summarized by origin in Table 2 . PG-associated isolates were cultured from 39 birds displaying symptoms of clostridial myonecrosis. NE-associated isolates were cultured from the GITs of 20 birds with typical necrotic enteritis GIT pathology. Fifty-four isolates with no strict disease association were also included for comparison. These isolates were derived from 12 asymptomatic flockmates of the birds with PG, 8 birds from farms where PG was not endemic in production systems with histories of PG, 15 birds from production systems with recent histories of NE, and 8 birds in production systems where NE is uncommon, as well as from environmental sources, including litter and Alphitobius diaperinus beetles from a production system with recent NE and 8 litter samples from a turkey production system with a history of PG disease. PG-associated isolates were representative of both turkeys (n ϭ 28) and broiler chickens (n ϭ 37), while NE-associated isolates were all of broiler chicken origin (n ϭ 20). Collected isolates with no strict disease association were representative of turkey (n ϭ 18) and broiler chicken (n ϭ 36) production settings. In total, of the 139 isolates (excluding reference strains), 79 were of GIT origin, 41 were obtained from infected muscle, 6 were from liver, 1 was from blood, 1 was from spleen, and the remainder were derived from environmental sources.
Collection of NE samples. Live chickens with outward signs of necrotic enteritis (e.g., depression and/or diarrhea) during outbreaks with a characteristic mortality spike were euthanized by cervical dislocation and were dissected in order to obtain the portion of the GIT from the duodenum to the ileocecal junction. GIT tissues were shipped overnight to the lab on ice, but not frozen. Upon arrival, sections of the duodenum, jejunum, and ileum were excised, flushed internally with 10 ml of sterile 0.1% peptone water (Becton, Dickinson and Company, Sparks, MD) to expel the luminal contents, and sliced longitudinally to expose the mucosa. The identities of tracts with characteristic gross NE pathology (thin, friable, diphtheritic membranes and "Turkish towel" appearance, etc.) were recorded for subsequent bacterial (sub)type association (4) .
Collection of PG samples. Samples from PG-associated birds and poultry environments were collected and processed as described previously (27) . Birds displaying signs of clostridial myonecrosis (i.e., depression, ataxia, crepitant patches of skin with underlying edema) were identified, and tissue samples (gangrenous muscle lesions, GIT, liver, and occasionally spleen and/or blood) were collected by trained personnel and were shipped overnight on ice for microbiological analysis. GIT sections were processed like NE samples, while muscle and organ samples were rinsed externally with 0.1% peptone water (Becton, Dickinson and Company). Blood samples were diluted in sterile 0.1% peptone water (Becton, Dickinson and Company) and were plated directly onto the appropriate selective medium as detailed below.
Collection of samples from asymptomatic poultry and environmental sources. Samples from asymptomatic poultry were collected and processed in a manner similar to that described for NE and PG samples. Litter samples were collected from multiple areas within a sampled poultry house. Eleven grams of litter was diluted with 99 ml of sterile 0.1% peptone water (Becton, Dickinson and Company), and bacteria were extracted with a stomacher (IUL, Barcelona, Spain) operating at 5 strokes/s for 60 s prior to plating as described below. Litter beetles (Alphitobius diaperinus) were ground in a sterile 1.5-ml microcentrifuge tube with a plastic pestle prior to being streaked onto agar plates for bacterial isolation.
Processing of GIT and tissue samples. The excised sections of duodenum, jejunum, and ileum described above were combined by bird; 99 ml of sterile 0.1% peptone water (Becton, Dickinson and Company) was added; and the mucosa was extracted with a stomacher (IUL, Barcelona, Spain) operating at 5 strokes/s for 60 s. Other tissues (gangrenous muscle lesions, GIT, and liver, etc.) were combined with 99 ml of sterile 0.1% peptone water (Becton, Dickinson and Company) and were extracted as described for GITs unless indicated otherwise above (i.e., blood and beetle samples). Samples were plated on Perfringens Agar Base (tryptose sulfite cycloserine [TSC] agar [Oxoid Ltd., Cambridge, United Kingdom] supplemented with 400 mg/liter D-cycloserine and 5% egg yolk emulsion) using an Autoplate 4000 spiral plater (Spiral Biotech, Norwood, MA). After approximately 15 min, plates were overlaid with Perfringens Agar Base, prepared as described above but without egg yolk emulsion. Plates were incubated anaerobically (AnaeroPack system; Mitsubishi Gas Chemical America, Inc., New York, NY) for 48 h at 37°C, after which presumptive C. perfringens isolates were identified by hydrogen sulfide production (black colony color) and lecithinase production (outer halo of egg yolk hydrolysis). Discrete morphologypositive colonies were used to inoculate Bacto brain heart infusion broth (Becton, Dickinson, and Company) supplemented with 5 g/liter yeast extract (Fisher BioReagents, Fair Lawn, NJ) and 0.5 g/liter L-cysteine (Fisher BioReagents), and cultures were grown for 24 h at 37°C under anaerobic conditions. Total genomic DNA was isolated from the broth cultures with the DNeasy 96 blood and tissue kit (Qiagen Inc., Valencia, CA). Toxin types were established by PCR toxinotyping (45) .
Toxin gene screening. All isolates used in the MLST scheme were toxinotyped (Table 1) using PCR assays for the ␣, ␤, ε, , and ␤2 toxin genes and the C. perfringens enterotoxin (CPE) gene (9, 22, 44) . Isolates were also assayed for the presence of netB by using a previously published PCR assay (17) . Suitable reference isolates for toxin types were included as positive controls in the toxinotyping scheme.
Sequencing of housekeeping genes. DNA was isolated from broth cultures of confirmed C. perfringens strains using one of two methods: either a High Pure PCR template preparation kit (Roche, Mannheim, Germany) or a DNeasy 96 blood and tissue kit (Qiagen Inc., Valencia, CA). PCR amplification and sequencing of each of the 11 chromosomally located housekeeping gene segments were performed using the primer sets and annealing temperatures listed in Table  3 . The primers developed for this study were designed using Primer 3 (Integrated DNA Technologies) (29) . PCR mixtures contained 5 l 10ϫ PCR buffer, 1.5 l 50 mM MgCl 2 , 1 l 10 mM deoxynucleoside triphosphates (dNTPs), 10 pmol each primer, 2.5 U Platinum Taq (Invitrogen, Carlsbad, CA), 1 l template DNA (not quantified), and sterile distilled H 2 O to a final volume of 50 l. Reactions were performed with initial denaturation for 2 min at 94°C, followed by 30 cycles of 30 s at 94°C, 30 s at the appropriate annealing temperature, and 1 min/kb of expected product at 72°C, with a final extension of 2 min at 72°C. Agarose gel electrophoresis (1% agarose, Tris-borate-EDTA [TBE]) was performed to confirm the presence and correct size of the PCR amplicon. PCR products were purified (PureLink PCR purification kit; Invitrogen) and sequenced in both directions (Eurofins MWG Biotech, Huntsville, AL).
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Multilocus sequence typing and phylogenetic analysis. Bidirectional sequencing reads for each of the 11 housekeeping gene segments were aligned and trimmed to a uniform length (Bionumerics, version 6.0; Applied Maths, Inc., Austin, TX). Ambiguities were resolved when appropriate with the CAP3 Sequence Assembly Program (13) (http://pbil.univ-lyon1.fr/cap3.php) and by examination of the raw electropherograms in Bionumerics. Nucleotide sequence data for three Clostridium perfringens reference strains, ATCC 13124, SM101, and strain 13, were obtained from the NCBI repository and were included in subsequent analyses for purposes of comparison (24, 33) . Once imported, aligned, and trimmed, the sequences from all 142 isolates were compared first by allele and then by allelic profile using Bionumerics, at which point the data were used to assign each isolate to a sequence type (ST). After initial MLST analysis in Bionumerics, the START2 software package (available at http://pubmlst.org /software/analysis/start2/) was used to assemble and analyze concatenated sequence information for each ST (14) . Based on a representative of each ST, the Maynard-Smith index of association (I A ) was calculated to test for recombination, and the ratio of synonymous to nonsynonymous mutations (dN/dS) was computed by the Nei-Gojobori method as a measure of selection (25, 35) . The eBURST tool for MLST analysis (available at http://eburst.mlst.net/default.asp) was used to identify clonal complexes (CCs) (defined by 10 or more identical loci), singleton STs, and possible ancestral genotypes (7, 41) . Both STs and CCs were considered to be C. perfringens MLST subtypes.
Concatenated sequence data for a representative of each distinct ST were imported into the MEGA 4.0 software package (http://www.megasoftware.net/) in order to examine isolate and ST relatedness at sequence-level resolution. After complete deletion of alignment gaps, a total of 5,758 positions were used in each concatenated sequence as a data set for phylogeny calculations. An evolutionary phylogeny was constructed in MEGA 4 using the neighbor-joining method and maximum composite likelihood (MCL) to estimate evolutionary distances, and topology was validated by bootstrapping (1,000 replicates) (8, 30, 37, 38) . To establish evolutionary relevance, the reference strain SM101 (ST-43) was used to root the tree. The optimum tree generated was condensed where bootstrap support for the clustering of taxa was less than 50% of the replicates (37) .
Statistical analysis. All statistical comparisons were performed in GraphPad Prism, version 5.0 (GraphPad Software, Inc., La Jolla, CA). Fisher's exact test was used to test the correlation of toxin gene detection with disease status.
Nucleotide sequence accession numbers. The nucleotide sequences of the loci analyzed in this study were submitted to GenBank under accession numbers HM624505 to HM624643 (ddl), HM624366 to HM624504 (dnaK), HM624088 to HM624226 (glpK), HM624922 to HM625060 (recA), HM625200 to HM625338 (gyrA), HM625339 to HM625477 (groEL), HM624644 to HM624782 (tpi), HM625061 to HM625199 (plc), HM624227 to HM624365 (dut), HM625478 to HM625616 (gmk), and HM624783 to HM624921 (sod).
RESULTS
Allele sequencing and gene characteristics. The first identified allele of the dnaK gene contained an internal 18-bp deletion, and allele 11 of the dut gene contained an internal 3-bp insertion. The total number of alleles for all loci analyzed averaged 12.2, with the most polymorphic gene, glpK, possessing 16 alleles and the least polymorphic, gmk, possessing 5 alleles (Table 4 ). The average p-distance (number of nucleotide differences/total nucleotides) was used as an indicator of polymorphism within a set of alleles. The greatest average p-distance was observed for the sod gene, at 0.028 difference/ nucleotide, and the lowest for the gmk gene, with 0.011 difference/nucleotide (Table 4) . These cursory indices of polymor- c Isolates were recovered from birds with characteristic symptoms of poultry gangrene but were derived from tissues other than the gangrenous muscle lesions themselves.
d Isolates were obtained from the poultry environment and from birds with no apparent signs of disease. phism were fully supported by examination of the percentage of polymorphic sites per allele; the maximum percentage of polymorphism was found, again, in the sod gene, in which 7.65% of sites were polymorphic, and the minimum in the gmk gene, in which 1.07% of sites were polymorphic (Table 4 ). All allele sequences examined were coding sequences; thus, the ratio of nonsynonymous to synonymous mutations was used as a measure of selective pressure on each allele. Based on this analysis, all genes possessed dN/dS ratios of Ͻ1, indicating purifying selection (Table 4) . Two genes, recA and sod, possessed dN/dS values of zero; all mutations present in those genes were identified as synonymous. Significant linkage disequilibrium was detected between the genes examined, as determined by a Maynard-Smith I A (35) value of 2.635 (P, Ͻ 0.001, based on one representative of each ST).
Sequence types and eBURST analysis. From the 139 isolates typed by MLST, 41 unique sequence types (STs) were identified (Fig. 1) . The C. perfringens reference strains ATCC 13124, strain 13, and SM101 segregated into individual sequence types containing a single isolate each, bringing the total number of STs to 44. In five of the eight cases where multiple isolates were obtained from an individual bird with PG, multiple STs were identified. On average, each ST contained 3.2 isolates, with the most prolific STs, ST-8 and ST-31, containing 10 isolates each, and 23 STs containing 1 isolate each. Of STs containing PG-associated isolates, 16 of 26 (61.5%) contained only PG-associated isolates, while the remainder (n ϭ 10) contained both PG-and asymptomatic-bird-associated isolates. Three of six (50.0%) STs containing NE-associated isolates contained exclusively NE-associated isolates, while the remaining STs contained both asymptomatic-bird-and NEassociated isolates. No ST contained isolates of both PG-associated and NE-associated origins.
BURST (eBURST implementation) analysis defined a clonal complex (CC) as comprising isolates for which 10 of 11 alleles were identical (Fig. 2 ). An alternate CC definition, 9 of 11 alleles identical, resulted in the addition of only a single isolate to each of the first two CCs, so the more stringent definition was used. Overall, six CC subtypes, containing 113 of the 142 total isolates, were identified; the largest (CC-1) comprised a total of 38 isolates. Twenty STs were identified as singletons, with no observed CC associations. CC-1, CC-2, CC-3, and CC-5 all contained PG-associated isolates, with CC-5 containing only PG-associated isolates (n ϭ 10). CC-4 contained both NE-associated and asymptomatic-bird-associated isolates but was the only CC that contained NE-associated isolates. CC-6 contained two single-isolate STs, ST-35 and ST-36, neither of which was associated with disease. All other STs clustered singly in the eBURST analysis. Based on ratios of single-and multiple-locus variants, eBURST analysis is able to identify probable founding or ancestral genotypes for CCs with more than two members. eBURST identified ST-14 and ST-15 as the probable ancestral genotypes for CC-1 and CC-3, respectively, whereas multiple candidates for the ancestral genotype were identified for CC-2 and CC-4, and no ancestral genotype was predicted for CC-5 or CC-6. Phylogeny. The optimum inferred phylogenetic tree was generated by the neighbor-joining and maximum composite likelihood (MCL) methods with the sum of branch length equal to 0.082 base substitution per site. Clonal complexes, as identified by ST profile-based eBURST analysis, generally, but not exclusively, clustered together in the tree (Fig. 3) and were often interspersed with singleton STs. Generally, STs containing PG-associated isolates were scattered throughout the phylogenetic tree and belonged to a variety of clusters, whereas STs containing NE-associated isolates were most commonly restricted to a small number of distantly related subtypes. Much of the dendrogram was found to be dominated by a large clade that contained CC-1 and CC-3 as well as a substantial number of closely related STs; however, it is noteworthy that no STs containing NE-associated isolates were observed to be closely related to this group. CC-4 contained NE-associated isolates with the highest interisolate sequence homology and clearly represented a phylogenetically distinct subtype. The C. perfringens reference strain ATCC 13124 had the ST most closely related to CC-4, while C. perfringens strain 13 clustered loosely with CC-6. The C. perfringens reference strain SM101, used to root the tree, clustered nearest the NE-associated ST-34 but diverged from it with a high number of substitutions per base. These two STs (ST-34 and ST-43 [SM101]) diverged appreciably from each other and also diverged considerably from the STs in the bulk of the tree.
Toxin gene screening. All isolates toxinotyped (n ϭ 142) were identified as toxinotype A (45) , meaning that all isolates possessed the ␣ toxin gene but none of the genes for additional major toxins (Table 1) . Thus, the ␤, ε, and toxins were not found in any of the environmental isolates or reference strains (ATCC 13124, SM101, strain 13) tested, but the ␤2 toxin was found in 111 of 142 (78.2%) total isolates screened ( Table 5 ). The cpe enterotoxin also was not found in any of the poultry isolates examined here but was present in the reference isolate C. perfringens SM101. The netB toxin was identified in 17 of 20 (85.0%) NE-associated isolates, no PG-associated isolates, and 10 of 54 (18.5%) isolates not associated with disease (Table 5) .
DISCUSSION
The MLST schemes that formed the methodological basis for this work have enabled increasingly specific comparisons of C. perfringens populations, first by examination of isolates of diverse host and disease origins (16, 28) and then by the application of a more highly discriminatory scheme to diseaseassociated isolates of poultry origin (2) . The method utilized in this study was adapted from a previously published MLST schema (16) with the addition of three loci, dnaK, groEL, and gyrA, in order to allow for direct comparison between the results obtained from C. perfringens poultry isolates from this study and those from previous work performed on poultryassociated C. septicum strains (27) . These additional loci are popular targets for phylogenetic reconstruction from molecular markers, and all three were observed in this study to possess 10 or more alleles. The addition of the dnaK and gyrA loci to the scheme increased the number of STs identified from 34 to 44; however, the addition of the groEL locus did not affect the number of STs identified.
Based on the allelic polymorphism of the housekeeping genes examined here, considerable genetic diversity exists in the core genome of this collection of Clostridium perfringens strains. The loci examined here averaged 12.2 alleles and identified 44 STs among 139 poultry-associated C. perfringens type A isolates and 3 reference strains. In comparison, Jost et al. (16) identified 24.4 average alleles per locus and 80 STs over eight genes in 132 isolates; however, the C. perfringens isolates studied by Jost et al. were obtained from a much more diverse set of host species and toxinotypes (16) . A study by Chalmers et al. (2) identified 5.9 average alleles per loci and 22 STs over nine loci in 61 isolates from NE-affected and healthy poultry. In contrast, a congruent MLST analysis performed previously by our group with a collection of 108 poultry gangrene-associated Clostridium septicum isolates identified an average of 2.7 alleles per loci and 10 total STs (27) . C. septicum provides a useful comparison, since it is often considered the more primary etiological agent in the pathology of poultry gangrene (21, 26, 27, 39) . The levels of allelic and ST diversity in the core genomes of the isolates analyzed here are high given the demographics of this collection of C. perfringens strains in comparison to those of similar studies and contrast strongly with the very low diversity observed in orthologous genes of C. septicum strains of similar host and environmental origins (27) . An explanation for the comparative differences in core genome locus diversity may be that C. septicum exists primarily as a highly specialized opportunistic pathogen, whereas C. perfringens is more plastic in its ability to occupy a much wider range of ecological niches (11, 36) .
Although considerable polymorphism existed in the loci analyzed, the sequence data characteristics measured in this study also suggested a highly clonal population. Significant linkage disequilibrium was observed between all 11 loci (I A , 2.635), indicating low recombination rates in the core genomes of the C. perfringens isolates examined (35) . This hypothesis is substantiated by the observation that 113 of the 142 isolates (79.6%) partitioned into six clonal complexes, stringently defined as groups of isolates sharing 10 or more of the 11 loci examined, and two abundant sequence types, ST-9 and ST-31, containing 8 and 10 isolates, respectively. Further, the concatenated-sequence-based phylogeny constructed here also supports the clustering of isolates into clonal complexes as identified by eBURST analysis while further detailing the phylogenetic relationships between clades and singleton STs. Of the dominant subtypes observed, clonal complex 1 (CC-1) is of particular interest, because it was clearly the most prolific subtype identified in the study, representing 27.3% of the total poultry isolates examined. CC-1 was recovered from all geographic areas sampled, was present in both turkeys and broilers, and was not conclusively associated with disease. The exact mechanisms responsible for the unique abundance and distribution of CC-1 are not entirely clear from the results presented here, although eBURST analysis suggests that this clonal complex of isolates is genotypically ancestral to the poultry-associated strains examined. The possibility of a genetic determinant responsible for the relative frequency of this subtype justifies further investigation focusing on the genomics and phenotypic characteristics of the strains included, which may provide valuable insight into biomarkers of ecological fitness in bacteria from the poultry environment. Also noteworthy was the observation of two unique subtypes, CC-4 and ST-31, both of which were highly associated with necrotic enteritis, representing 25% and 50% of NE cases as well as 9.4% and 7.2% of all poultry isolates examined, respectively. It is likely that the abundance of these disease-associated subtypes is a direct result of selection due to their apparent advantage in the initiation of NE infection under appropriate environmental conditions. Both subtypes were found only in broilers but were recovered from disparate geographic areas and harbored the netB toxin gene in 87.0% of isolates. Thus, particular core genetic elements correspond here to the incidence of ecological dominance, which is evident both in the general case of relative representation in a collection of poultry strains and in the specific case of niche association in the incidence of poultry NE disease.
The PCR-based survey of C. perfringens toxin genes is an important complement to the phylogenetic characterization of this population. Recent genotypic studies have provided mixed support for the importance of cpb2 in poultry enteric disease (15, 42) . Overall, cpb2 was present in 78.2% of all isolates surveyed; however, the presence of this gene was significantly correlated with C. perfringens isolates recovered in cases of NE (P, 0.007) but not PG (P, 0.093). Although netB was also highly correlated with NE-associated isolates (P, Ͻ0.001) and was absent in PG-associated isolates, there was no significant cor- perfringens isolates from the current study (STs followed by "AGTP") with those from a prior study (STs followed by "Chalmers") (2). The tree was generated on the basis of a maximum composite likelihood model and was condensed where bootstrap support was Ͻ50% of replicates. ST numbers are equivalent for Fig. 3 and 4 but have been condensed in Fig. 4 due to the merging of the typing schemes. Clonal complexes are indicated by symbols: E, CC-1; F, CC-2; Ⅺ, CC-3; f, CC-4; ‚, CC-5; OE, relation between the presence of cpb2 and netB (P, 0.195). These correlations extended to phylogenetic clades as well; cpb2 was present in all clonal complexes except CC-6 and was ubiquitous in the NE-associated subtypes CC-4 and ST-31. NE-associated subtypes contained comparatively high numbers of netB-positive isolates; netB was absent in all PGassociated subtypes and present in 18.5% of non-diseaseassociated isolates. Further investigation of cpb2 and netB toxin expression may support phylogenetic disease associations in vivo (15, 19) .
Clostridium perfringens isolates recovered from the affected individuals of a flock suffering from an NE outbreak are often genotypically clonal, suggesting that specific genetic elements may be linked to the pathogenesis of this disease (4-6, 10, 20) . The results of this study support this view, since isolates recovered in cases of NE were observed to be highly clonal and more evolutionarily removed from their most recent common ancestors than most non-NE strains, based on analysis of core genome loci. In addition, NE-associated isolates were not found in the dominant PG-associated clades of the phylogenetic tree, suggesting that these strains are genetically distinct. Overall, no PG-associated and NE-associated isolates shared the same ST or clonal complex. Interestingly, two unique STs residing in the dominant PG clades harbor the NetB gene, although its phenotypic expression was not investigated here. The fact that these two STs were not isolated from diseased birds does not preclude the possibility that these isolates could potentially instigate NE pathology. In contrast to these findings for NE isolates, the PG-associated isolates were more genetically polymorphic and in many instances were closely related to isolates from asymptomatic poultry. The exact role of C. perfringens in PG remains unclear, particularly since C. septicum has been implicated as the primary etiologic agent in most recent outbreaks (21, 39) , which may explain why clear lineages of C. perfringens associated with PG were generally not observed. A conserved ability of most C. perfringens type A strains to contribute to gangrene under the appropriate conditions might also explain the intermingling of isolates from healthy and diseased specimens. Despite the general trends discussed above, one clonal complex, CC-3, was found in both turkeys and broilers and was observed to be strictly associated with PG. Phylogenetic analysis indicated that CC-3 has clearly diverged from the remainder of PG-associated isolates. Additional investigation of isolates localized to CC-3 would be beneficial to establish its validity as a virulent subtype.
In order to directly compare sequence information from a prior study (2) with the data described here, the sequence orientation, length, and region were standardized between the two studies. Some discriminatory data were lost when the two schemes were merged, in that 22 STs were condensed into 18 STs in the prior study and 44 STs into 34 STs in the current study. Nevertheless, these condensed STs retained all the disease and demographic associations of the separate schemes. A strong association emerged between the lone NE-associated clonal complex from the current study (CC-4) and the two most abundant NE-associated STs (Chalmers ST-1 and Chalmers ST-10) from the prior study (Fig. 4) . Combined, these two STs from the prior study contained 26 isolates, of which 22 were both NE associated and netB positive (2) . Further, two additional NE-associated and netB-positive STs from the prior study were closely related to ST-31 from the current study, a particularly dominant NE-associated subtype (Fig. 4) . The demographic association between the two studies also extended to non-disease-associated STs: several non-disease-associated STs from the prior study clustered with the non-disease-associated subtypes CC-2 and ST-9 of the current study (Fig. 4) . Notably, the prior study did not observe as high a prevalence of cpb2 among the 61 isolates it examined as was observed in the current study, further confounding the significance of this toxin in poultry isolates of C. perfringens.
In conclusion, MLST was used to successfully subtype 139 poultry-derived C. perfringens isolates by using DNA sequence and allelic profile data. MLST and sequence-based phylogenetic inference identified a polymorphic yet predominantly clonal population, with a phylogeny characterized by dominant clonal complexes and sequence types, and the remaining isolates existing as low-abundance STs. Disease-associated C. perfringens isolates segregated distinctly based on ST, clonal complex, and the concatenated-sequence-based phylogeny. Notably, NE-associated isolates were not found in the dominant PG-associated clades of the sequence-based phylogeny, nor were PG-associated isolates found in the dominant NEassociated subtypes CC-4 and ST-31. PG-associated isolates were often closely related to isolates from asymptomatic poultry and generally clustered in clades predicted to be evolutionarily ancestral. These results indicate that certain subtypes have evolved the specialized ability to cause NE disease in poultry and that this specialization is evident in the core genome. Here we have shown for the first time that isolates from poultry NE and PG disease are distinct. Detection of disease niche partitioning in the core genome has epidemiological relevance, because these genes are largely conserved and stably inherited, whereas many C. perfringens virulence factors associated with specific disease can be lost or acquired depending on environmental conditions and association with other bacteria (11, 20, 36) . Further phylogenetic analyses focused on disease-associated isolates are necessary in order to fully understand the correlation between the core housekeeping genome and the more-variable virulence factors in this species. The application of such information may allow the identification of conserved genetic biomarkers for strains implicated in disease etiology or of prominent ecological fitness determinants in both general and disease-specific niches.
